The microbial contamination in a spring water distribution system in the Western Cape, South Africa was investigated. Sampling at various points from the spring and throughout the bottling system started in February and continued until November 2004. The number of culturable cells was determined using the heterotrophic plate count (HPC) and total microbial counts were evaluated by flow cytometric analysis (FCM). Heterotrophic plate counts in the final bottled water ranged from 1.34 x 10 8 cfu/ml (week 1) to 5 x 10 4 cfu/ml (week 46). In comparison, the total cell counts (FCM) ranged from 2.09 x 10 8 microorganisms/ml (week 1) to 5.70 x 10 7 microorganisms/ml (week 46).The higher FCM counts indicated that the flow cytometry technique was able to detect viable but non-culturable organisms in the water and was thus more reliable for the routine quantitative enumeration of microbial populations in water samples. 16S ribosomal ribonucleic acid (rRNA) of the bacterial species present was amplified with PCR and phylogenetic trees were constructed using the neighbour-joining algorithm. The sequenced isolates from the various water samples belonged to the major groups Bacillus sp, and Enterobacteriaceae and included Shigella boydii, Serratia sp., Enterobacter asburiae and Pseudomonas sp.
INTRODUCTION
Natural spring water is obtained directly from underground water sources and is collected under conditions that maintain its natural chemical composition and microbiological purity. According to the South African National Standards for Bottled Water (2003) the source of The microorganisms associated with spring water, which is derived from a ground water source, can also generally be related to the type of microbial pollutants in the soil and the surrounding environment. It is thus essential to assess the microbial contamination risk or the level of pollution at the location of the spring (Leclerc and Moreau, 2002) . Coliform bacteria, when detected in treated water supplies, could also be indicative of inadequate treatment, or post treatment of the water system (World Health Organisation, 1996) . Coliforms are present in large quantities in soil, and if found in water they usually present a significant health risk. The water source should then be routinely tested for faecal contamination and coliforms are therefore used as indicator organisms in bottled water analysis (Ryan, 2004) .
Heterotrophic plate count bacteria are generally used to assess the microbial quality of bottled water (SANS, 2003) . In a random survey of bottled water conducted in South Africa by Ehlers et al. (2004) , heterotrophic plate counts ranging from 1.1 x 10 2 to 5.4 x 10 2 cfu/ml were recorded. It was concluded that the presence of these high numbers were due to the natural microbial flora present in the source water and could thus be used to indicate the level of disinfection of the distribution and bottling system (Leclerc and Moreau, 2002) .
Flow cytometry is used to sort and measure different types of cells by the fluorescent labelling of markers on the surface of the cell (Javois, 1999) . The addition of fluorescent beads in conjunction with the Live/Dead BacLight™ viability probe allows for the enumeration of total bacteria in the water samples. Paulse et al. (2007) assessed various enumeration techniques to investigate the planktonic bacterial population in the Berg River, Western Cape, South Africa. The heterotrophic plate count technique was used to determine the number of culturable microorganisms in the water samples and flow cytometry was used to evaluate the total bacterial counts. The study indicated that the average heterotrophic plate count represented only a fraction (< 3.65%) of the total flow cytometric analysis (FCM) counts and < 6.06% of the viable FCM count. Beuret et al. (2002) monitored three brands of natural mineral waters in Europe over a one year period to investigate and identify the microbial flora present. Norovirus sequences were isolated from three leading European brands of still mineral water, during the course of this investigation. Research by Leclerc (2002) on the microbiological safety of bottled water, identified the major species of bacteria associated with natural mineral water as Pseudomonas fluorescent species, Pseudomonas non-fluorescent species, Acinetobacter, Alcaligenes, Comamonas spp., Cyto-phaga Flavobacterium, Arthrobacter and Corynebacterium.
The advantages of polymerase chain reaction (PCR) in relation to other culture techniques or standard methods Behardien et al. 3201 used for the detection of microbial pathogens in water, is that it is specific, sensitive, rapid, accurate and can detect small amounts of nucleic acids in a single sample. Tsen et al. (1998) utilised PCR to select regions of the Escherichia coli 16 S ribosomal ribonucleic acid (rRNA) gene to detect these cells in water. The addition of an enrichment step allowed for a detection limit of as low as one E. coli cell /100 ml. A spring water distribution system in the Western Cape, South Africa experienced quality problems associated with bacterial contamination. The aim of this study was to investigate the bacterial contamination in this spring water bottling system. The level of heterotrophic plate counts (HPC) in the water samples at various sites throughout the system were determined by the conventional plate count technique. In addition, flow cytometric analysis was used to obtain total cell counts (the culturable and non-culturable populations) in the collected water samples at the various sites. Identification of microorganisms in the water samples was performed by means of molecular typing.
MATERIALS AND METHODS

Sampling sites
Sampling sites at the spring water distribution system in the Western Cape, South Africa are indicated in Figure 1 . The sites include; Site A (borehole one); Site B (borehole two); Site C (Dositron -Flushing point); Site D (between 0.3 µm filter and UV steriliser -outside factory), Site E [After ultraviolet (UV)]; the bottling line then splits into two lines and either one of the lines can be used for bottling. Site F (Line one after 0.35µm filter); Site G (Line one after 0.2 µm filter); Site H (Line two after 0.35 µm filter); Site I (Line two after 0.2 µm filter) and Site J (at filler-final bottling point). Sampling of these sites started in March 2004 (sampling batch one; week one and sampling batch two; week four) and continued in April (sampling batch three; week eight) until November 2004 (sampling batch four; week 46). Water samples were collected in 1 L sterile Nalgene-polypropylene bottles and stored on ice to maintain a low temperature.
Heterotrophic plate count technique and pure culture isolation
Total heterotrophic plate counts were performed in duplicate on R2A Agar (Merck, Biolab Diagnostics) after serial dilutions 10 -1 to 10 -7 of sample water was performed. Plates were incubated for 24 to 48 h at 37°C. Thereafter the number of visible cells, or colony forming units (CFU's) were counted and recorded. Distinct visible cells CFU's were identified and subcultured onto clean Nutrient Agar (NA) (Merck, Biolab Diagnostics) plates for further purification of cultures.
Flow cytometry (FCM)
The FCM outlined by Paulse et al. (2007) was employed in the present study. Individual samples were subjected to a Becton Dickinson FACSCalibur flow cytometer for analysis. The Becton Dickinson FACSCalibur flow cytometer has a 15 mW, 488 nm argon-ion laser. A Doublet Discrimination Module, which uses pulse width and area to eliminate cell clumping (doublets and triplets), in conjunction with a LIVE/DEAD™ bacterial stain, allows for the differentiation between bacterial cells and debris. An E. coli laboratory strain was used as control. were electrophoretically analysed on a 0.8% molecular grade agarose gel containing 12 µl of 0.5 µg/ml ethidium bromide, using 1 x Trisacetate-ethylenediamine tetraacetic acid (TAE) electrophoresis buffer and run for one hour at 90 volts to confirm the presence of genomic DNA.
Number of events in cell region
Polymerase chain reaction (PCR)
The extracted DNA from individual samples was amplified using two primer sets, respectively. Amplification of target DNA samples (5 µl) by PCR was performed in a total reaction volume of 50 µl containing a 10 mM dNTP mix (1 µl), 25 mM MgCl2 (4 µl), 5 x PCR Buffer with (NH4)2SO4 (10 µl), 10 µM forward (RW01) primer [AAC (Greisen et al., 1994) , GoTaq DNA polymerase (0.25 µl) and sterile distilled H2O (24.75 µl). For the second primer set all the reagents mentioned above were added proportionally, together with 10 µM forward (RDR080) primer [AAC TGG AGG AAG GTG GGG AC] (2.5 µl) and 10µM reverse (DG74) primer [AGG AGG TGA TCC AAC CGC A] (2.5 µl) (Greisen et al., 1994) to obtain a total volume of 50 µl for subsequent amplification. The PCR procedure included an initial denaturation step of 5 min at 95°C, followed by 30 cycles of amplification (25 s at 95°C, 25 s 55°C and 1 min at 72°C). The final extension step was performed at 72°C for 10 min. Ten microliters of the amplified DNA fragments of the PCR reactions were analysed on a 1.2% agarose gel containing 12 µl of 0.5 µg/ml ethidium bromide, using 1 x TAE electrophoresis buffer and run at 90 volts for one hour to confirm successful amplification of the PCR product.
16S ribosomal RNA sequencing
Successfully amplified PCR products (~400 kb) were purified using a High Pure PCR Product Purification Kit as per the manufacturer's instructions (Roche Diagnostics). The DNA concentrations were determined using the Qubit™ fluorometer (Invitrogen) and the Quant-iT™ dsDNA BR (Broad-range) Assay kit 2-1000 ng as per manufacturer's instructions (Molecular probes and Invitrogen). Samples were loaded onto 96-well plates (15 µl per sample), dried in a speed vac with medium heat for 30 to 60 minutes (depending on the volumes) and sent for subsequent sequencing where the Applied Biosystems Big Dye Terminator v3.1 Cycle sequencing Kit was used for the sequencing reactions, as per manufacturers' protocols. Sequences were identified using the (Blastn) or Local Alignment Search Tool Basic (Altschul et al., 1997) obtained from the National Centre for Biotechnology Information website.
Phylogenetic analysis
All the DNA sequences obtained from water at the various sites over the four sampling weeks were grouped and aligned with ClustalX (1.81) using default parameters and the Blosum matrix. An unrooted tree was constructed using the neighbour-joining (Saitou and Nei, 1987) program of MEGA version 4.1 (Molecular Evolutionary Genetics Analysis 4.1) (Tamura et al., 2007) . Branching patterns were evaluated by pairing 1000 replicates.
Statistical analysis
Repeated measures analysis of variance (ANOVA) [RMA] were performed on all data obtained as outlined in Dunn and Clark (1987) using Statistica TM . In each RMA, the residuals were analysed to determine if they were normally distributed. In all hypothesis tests, a significant level of 5% was used as standards.
RESULTS AND DISCUSSION
Heterotrophic plate counts (HPC)
Total culturable microbial counts obtained by the HPC technique for all the sampling sites throughout the study period are presented in Figure 2 . The HPC recorded in week one ranged from 1.34 x 10 8 cfu/ml at the borehole (Site A) to 3.66 x 10 7 cfu/ml in the final bottled water (Site J). The highest count of 2.02 x 10 8 cfu/ml was observed after the 0.35 µm filter in line two (Site H) while the lowest count of 3.0 x 10 7 cfu/ml was observed after ultraviolet irradiation (Site E). The spring water system sampled was experiencing problems with bacterial contamination and the high counts could be ascribed to the fact that the 0.35 µm filter of line two was contaminated, clogged or faulty or that a biofilm was present in the distribution system which periodically sloughed off and served as a continuous source of contamination. In spring water distribution systems however, filters must be backwashed on a regular basis to maintain the integrity of the filter system, as non-fixed pore filters enlarge in pore size after high water volumes have passed through them, thus resulting in the release of trapped contaminants into the filtered water (Pall Filters, 2004) . The lowest count observed after UV indicated that the UV treatment was effective in reducing the number of microorganisms, however, the initial number of microorganisms in the water was significantly high, and thus the UV irradiation only reduced the microorganisms by one log cycle. Senior and Dege (2005) confirmed that the efficiency of UV irradiation as with any other disinfection process is dependant on the quality of the incoming source water.
The HPC recorded in week four ranged from 4.50 x 10 6 cfu/ml at the borehole (Site A) to 9.00 x 10 6 cfu/ml in the final bottled water (Site J). Increases in cfu/ml were recorded after the 0.3 µm filter (Site D) at 3.10 x 10 8 cfu/ml and again after the 0.35 µm filter in line two (Site H) at 2.39 x 10 8 cfu/ml. Blocked or contaminated filters could have influenced the significant increase in HPC counts recorded after these filters (Site D and H). A significant decrease is however, noted after the water passes through the UV system (Site E), line one at both the 0.35 µm and 0.2 µm filters and the 0.2 µm filter in line two (Site I). This indicates that these filters were still functioning at their maximum efficiency. An increase in the microbial count was recorded in the final bottled water (Site J), which indicated that the filler ports were either contaminated or had not been sanitised correctly. The final microbial count of 9.0 x 10 6 cfu/ml (Site J) significantly exceeded the South African National Standard for HPC for bottled water of < 100 organisms/ml.
The HPC recorded in week eight ranged from 2.70 x 10 8 cfu/ml at source (Site A) to 2.35 x 10 7 cfu/ml in the final bottled water (Site J). The highest count was recorded at the borehole (Site A) indicating that the source water still contained significantly high numbers of microorganisms, which would influence the filtration process and the HPC count in the final bottled water. The HPC count in the final bottled water (Site J) in week eight was 2.35 x 10 7 cfu/ml in comparison to week one and four where counts of 3.66 x 10 7 cfu/ml and 9.00 x 10 6 cfu/ml were recorded, respectively. The distribution system was undergoing chlorine and oxonia disinfection treatment processes to reduce microbial counts, but the disinfection process was still not adequate to reduce the number of microorganisms to the acceptable level of < 100 microorganisms/ml in the final bottled water. This implied that based on the results for weeks one, four and eight the spring water distribution system investigated, required additional chlorine disinfections washes and the filters had to be sanitised, backwashed or replaced to achieve the legal requirement.
The HPC recorded in week 46 ranged from 4.5 x 10 5 cfu/ml at source (Site A) to 5.0 x 10 4 cfu/ml in the final bottled water (Site J). The lowest HPC count was recorded in the final bottled water while the highest microbial count of 7.5 x 10 5 cfu/ml was observed after UV irradiation (Site E). In week 46 a significant reduction in HPC in comparison to week one, four and eight was recorded for all sites as the system had been routinely disinfected with chlorine soaks and oxonia. Contact times and dosage for disinfecting the system were increased and the filters were disinfected and backwashed. However, the HPC count in the final bottled water still significantly (p < 0.05) exceeded the acceptable limit of < 100 organisms/ml.
Flow cytometric analysis (FCM)
The total cell counts obtained by flow cytometric analysis are presented in Figures 3 and 4 . The total cell counts obtained in week one ranged from 2.09 x 10 8 microorganisms/ml at the large borehole (Site A) to 5.44 x 10 7 microorganisms/ml in the final bottled product (Site J). In addition, significantly high total cell counts were observed at the small borehole (Site B) at 2.03 x 10 8 microorganisms/ml, Dositron (Site C) at 1.88 x 10 8 microorganisms/ml, and after the 0.35 µm filter in line one (Site F) at 1.56 x 10 8 microorganisms/ ml. The marked increase in the total cell count observed after the 0.35 µm filter in line one (Site F) indicated that the filter was blocked and required sanitisation, backwashing or replacement. A decrease in the total cell counts at Site D at 6.13 x 10 7 microorganisms/m , Site G at 2.58 x 10 7 microorganisms/ml, and Site I at 2.11 x 10 7 microorganisms/ml, can be observed which indicated that the filter system at these sites successfully retained some of the bacterial load and supported the implementation of multiple filter systems in a spring water distribution system. The total cell counts in week four ranged from 3.90 x 10 7 microorganisms/ml at the large borehole (Site A) to 8.36 x 10 7 microorganisms/ml in the final bottled product (Site J), with the lowest total cell count observed at the Dositron unit (Site C) at 2.13 x 10 7 microorganisms/ml. The total cell count for Site F in week four could not be measured as the sample vial broke. The high total counts in the final bottled water in week four indicated that although the bottling system was sanitised with chlorine and oxonia, an increase in the cell count was recorded from source to final product, which implied that there was definitely a source of contamination in the distribution system. Tchobanoglous and Schroeder (1985) indicated that the factors which influence the disinfection efficiency of chlorine include the initial contact time, concentration and form, microbial load, pH and temperature. The bottling system of the site investigated was dosed with concentrated chlorine and left to stand for two days to increase its contact time. The initial counts in the source water in week four of 3.90 x 10 7 microorganisms/ml and 3.88 x 10 7 microorganisms/ml at Sites A and B, respectively were however, lower than the microbial counts recorded at source in week one at 2.09 x 10 8 microorganisms/ml (Site A) and 2.03 x 10 8 microorganisms/ml (Site B). The results indicate that the precautions implemented to secure the borehole sites such as the tapping of the boreholes, improved the source water quality. The total cell counts in week eight ranged from 6.25 x 10 7 microorganisms/ml (Site A) to 9.09 x 10 7 microorganisms/ml (Site J). The highest total cell count of 2.02 x 10 8 microorganisms/ml was recorded after UV irradiation (Site E). For a UV light to function optimally the quartz must be cleaned regularly to ensure full transmissivity and efficacy (Senior and Dege, 2005) . Sommer and Cabaj (1993) evaluated the efficiency of a UV plant for the disinfection of drinking water and concluded that biodosimetric conditions should be used to monitor disinfection efficiency. High counts of 1.80 x 10 8 microorganisms/ml at the Dositron (Site C) and 1.69 x 10 8 microorganisms/ml after the 0.2 µm filter line two (Site I) were also observed, which indicated that the dositron (point where sanitiser is added to the system) was perhaps not sealed or was exposed to an external source of contamination. Membrane fouling which is caused by the accumulation of chemicals, particles and growth of microorganisms on the membrane surface could also have contributed to the increase in microbial counts (Guidelines for Canadian Water Quality, 2008).
Due to the consistent contamination experienced, the production at the supplier was stopped and the problem was investigated. Sampling was resumed three months later to measure the efficiency of the treatment procedures implemented. The total cell counts recorded in week 46 ranged from 2.69 x 10 8 microorganisms/ml at the large borehole (Site A) to 5.70 x 10 7 microorganisms/ ml in the final bottled product (Site J). Results in week 46 fluctuated with the highest total cell counts of 5 x 10 8 microorganisms/ml and 5.08 x 10 8 microorganisms/ml observed after UV irradiation treatment (Site E) and the 0.2 µm filter in line one (Site G), respectively. The high total cell count recorded after the UV irradiation treatment in week 46, compared to week one, four and eight indicated the reduction in the efficiency of the quartz and clearly showed that the lamp needed replacement. In comparison to the other sampling weeks, low HPC counts were observed in week 46, which indicated that even though the counts still exceeded the stipulated HPC limit, the treatment procedures implemented were effective in reducing the CFU counts. However, the flow cytometry results showed that the total cell counts of week 46 were higher than all the other weeks sampled, which clearly indicates that the HPC count was not a true reflection of the microbial numbers in the spring water distribution system.
The heterotrophic plate counts were thus compared to the viable cell counts as obtained by flow cytometry. The results for week 46 only ( Figure 5 ) are discussed as a representation of results as significant differences were recorded in the HPC and FCM counts for this week. These results showed that the flow cytometric (FCM) analysis yielded higher viable counts in the water sampled at the various sites. The highest CFU count of 7.50 x 10 5 microorganisms/ml was recorded after the UV irradiation process (Site E). A corresponding FCM viable count of 2.17 x 10 6 microorganisms/ml was recorded for the same sampling site. The highest viable FCM count for week 46 was observed at the Dositron (Site C) at 4.40 x 10 7 microorganisms/ml. A corresponding CFU count of 3.00 x 10 5 microorganism s/ml was recorded for the same sampling site. The current water legislation, states that the heterotrophic plate count of the final bottled water must be < 100 organisms/ml within 24 hours of bottling however, no stipulation regulation for FCM in bottled water could be found. Results clearly showed that in comparison to the FCM technique, the heterotrophic plate count technique, only allows for growth of the viable and culturable cells present in the water samples and that it is not an accurate method to assess the actual viable microbial population in the bottled water samples (Paulse et al., 2007) . Figure 6 (a) and (b) represents the purified PCR agarose gel electrophoresis photos of week 4 using both primer sets 1 and 2. Lane one contains the DNA ladder # SM0402 and lane two contains the negative control.
Phylogenetic analysis
Phylogeny of 180 sequences were analysed and there were many similar species that were repeatedly isolated from the various sampling points over the sampling periods. Their duplicate species were excluded as shown in Figures 7 to 10 . Species that were similar and belonged to the same family were grouped together to form clades. Bootstrap values for all scores were on average above 90. Tables 1 to 4 indicate the different bacterial species isolated from the various sites and their GenBank accession numbers.
In week one, 16 diverse species were isolated and a phylogenetic tree was constructed (Figure 7) . Amongst the organisms isolated were Shigella boydii, Serratia sp. SB, Enterobacter asburiae, all of which belong to the family Enterobacteriaceae.
Serratia belongs to the coliform group and occurs in the environment, where their presence usually indicates faecal contamination. In developing countries contaminated drinking water is still Figure 7 . Phylogenetic tree inferred from 16S rRNA sequence data, isolated from bacterial samples obtained from water samples taken in week 1 from the distribution system in Western Cape, South Africa. Distance matrices were constructed from the aligned sequences and created for multiple base changes at single position by the BLOSUM algorithm. also a major cause of shigellosis (Ray, 2004) . Pseudomonas and Stenotrophomonas sp. have also frequently been isolated from mineral water (Leclerc, 2002) .
In week four, 17 diverse species were isolated and a phylogenetic tree was constructed (Figure 8 ). All the species in this sampling week with the exception of Pseudomonas sp. and Bacillus sp. were introduced in this sampling period. In week four the highest HPC counts were recorded at the filters (Figure 2 ) and it could be at these contamination points where these species were introduced. The presence of the Pseudomonas sp. and Bacillus also indicated that the sanitisation process, although adjusted was still not effective in the elimination of these organisms from the water.
In week eight, 41 diverse species were isolated and a phylogenetic tree was constructed (Figure 9 ). The highest HPC count for all the sampling periods was recorded in The presence of Pseudomonas sp. and Bacillus sp. again indicate that these organisms were not eliminated during the sanitisation process. The sanitisation process and conditions were either insufficient to eliminate these organisms or they could have formed a biofilm within the Figure 9 . Phylogenetic tree inferred from 16S rRNA sequence data, isolated from bacterial samples obtained from water samples taken in week 8 from the distribution system in Western Cape, South Africa. Distance matrices were constructed from the aligned sequences and created for multiple base changes at single position by the BLOSUM algorithm. distribution system.
In week 46, only 13 different species were isolated and a phylogenetic tree was constructed (Figure 10) . The low species diversity correlates with the HPC count observed in week 46, which was the lowest count for all the sampling periods (Figure 2) . The presence of Pseudomonas sp. and Bacillus sp. again indicate that these species were not eliminated during the sanitisation process and their persistence definitely indicates a biofilm in the system. A study conducted by Percival et al. (1998) on the development of biofilms on stainless steel pipes in a mains water system indicated that the dominant specie isolated were Pseudomonas spp. and Alcaligenes sp. In week 46, the following species Escherichia sp. Aeromonas, Endophytic bacteria and Brevundimonas sp. were introduced. Escherichia sp. B4 belong to the family Enterobacteriaceae and certain strains cause foodborne gastroenteritis. The presence of Escherichia coli also usually indicates faecal contamination (Ray, 2004) .
The microbial flora isolated over the sampling period was mainly Pseudomonas sp., Bacillus sp., Staphylococcus sp. and Stenotrophomonas sp. Pathogens isolated over the sampling period include Pseudomonas sp., Shigella, and Staphyloccocus sp. It is thus important to understand quantitatively the bacterial diversity in the bottling water distribution system in order to apply and optimise the correct sanitisation procedure. As bottled water cannot be subjected to any chemical treatments during and after bottling it is important to apply effective sanitisation, manage the filter integrity, UV irradiation and secure the spring source in order to supply safe water free of any contamination.
Conclusions
The major conclusions of the study were as follows:
1. The lowest HPC count was recorded in week 46 but still notably exceeded the maximum limit of < 100 microorganisms/ml (South African National Standards for Bottled Water, 2003).
2. The total cell counts obtained by the FCM method were higher in week 46 at all the sites throughout the period, when compared to the heterotrophic plate counts. 3. The higher FCM counts indicated that the flow cytometry technique was able to detect cells in the sample that enter a viable but non-culturable state and bottling water distribution system in order to apply and optimize the most efficient sanitization procedure. 7. As bottled water cannot be subjected to any chemical treatments during and after bottling it is also important to understand the survival capacity of the pathogenic and indicator organisms.
